The dose-rate dependence of commercially available diode detectors was measured under both high instantaneous dose-rate ͑pulsed͒ and low dose rate ͑continuous, Co-60͒ radiation. The dose-rate dependence was measured in an acrylic miniphantom at a 5-cm depth in a 10ϫ10 cm 2 collimator setting, by varying source-to-detector distance ͑SDD͒ between at least 80 and 200 cm. The ratio of a normalized diode reading to a normalized ion chamber reading ͑both at SDDϭ100 cm) was used to determine diode sensitivity ratio for pulsed and continuous radiation at different SDD. The inverse of the diode sensitivity ratio is defined as the SDD correction factor ͑SDD CF͒. The diode sensitivity ratio increased with increasing instantaneous dose rate ͑or decreasing SDD͒. The ratio of diode sensitivity, normalized to 4000 cGy/s, varied between 0.988 ͑1490 cGy/s͒-1.023 ͑38 900 cGy/s͒ for unirradiated n-type Isorad Gold, 0.981 ͑1460 cGy/s͒-1.026 ͑39 060 cGy/s͒ for unirradiated QED Red (n type͒, 0.972 ͑1490 cGy/s͒-1.068 ͑38 900 cGy/s͒ for preirradiated Isorad Red (n type͒, 0.985 ͑1490 cGy/s͒-1.012 ͑38 990 cGy/s͒ for n-type Pt-doped Isorad-3 Gold, 0.995 ͑1450 cGy/s͒-1.020 ͑21 870 cGy/s͒ for n-type Veridose Green, 0.978 ͑1450 cGy/s͒-1.066 ͑21 870 cGy/s͒ for preirradiated Isorad-p Red, 0.994 ͑1540 cGy/s͒-1.028 ͑17 870 cGy/s͒ for p-type preirradiated QED, 0.998 ͑1450 cGy/s͒-1.003 ͑21 870 cGy/s͒ for the p-type preirradiated Scanditronix EDP20 3G , and 0.998 ͑1490 cGy/s͒-1.015 ͑38 880 cGy/s͒ for Scanditronix EDP10 3G diodes. The p-type diodes do not always show less dose-rate dependence than the n-type diodes. Preirradiation does not always reduce diode dose-rate dependence. A comparison between the SDD dependence measured at the surface of a full scatter phantom and that in a miniphantom was made. Using a direct adjustment of radiation pulse height, we concluded that the SDD dependence of diode sensitivity can be explained by the instantaneous dose-rate dependence if sufficient buildup is provided to eliminate electron contamination. An energy independent empirical formula was proposed to fit the dose-rate dependence of diode sensitivity.
I. INTRODUCTION
Semiconductor detectors are widely used for patient dosimetry for photon and electron beams. They have high sensitivity (ϳ18 000 times more sensitive͒ and high spatial resolution compared to the air-filled ionization chamber with the same volume. [1] [2] [3] The diode sensitivity is defined as the ionization charge collected per unit absorbed dose ͑usually in units of nC/cGy͒. The sensitivity of semiconductor detectors depends on temperature, 4 ,5 dose rate, [6] [7] [8] and energy. 1, 3 In clinical applications, the diode is usually placed at either a patient's entrance or exit surface to measure the dose. It is important to characterize the dose-rate dependence since the dose rate could vary due to source-to-detector distance ͑SDD͒ changes, placement of transmission blocks or wedges, or transmission through the patient. The SDD for patient treatment can vary from 70 cm ͑for isocentric or fixed source-to-axial distance ͑SAD͒ setup͒ to 200 cm ͑for mantle treatment͒, or even more than 300 cm ͑for total body irradiation͒. These different treatment geometries affect the instantaneous dose rate and thus the diode sensitivity. The instantaneous dose rate refers to the peak dose rate of individual radiation pulses from a linear accelerator, which could be a factor of 1500 times larger than the average dose rate. For a cobalt unit, average dose rate equals the instantaneous dose rate. For simplicity, we will use ''dose rate'' to refer to ''instantaneous dose rate'' throughout the paper. A theoretical analysis of the instantaneous dose-rate dependence of diode detectors can be found elsewhere. 9 Diodes are termed n or p type depending upon whether the silicon substrates are doped with phosphorous ͑where majority carriers are electrons͒ or boron ͑where majority carriers are holes͒. 3, 4, 9 Dose rate has been reported to be a problem in n-type diodes, but not for preirradiated p-type diodes. 1 Rikner and Grusell have reported that a p-type Si detector ͑Scanditronix diodes͒ preirradiated to 25 kGy displays a flat dose rate dependence. 6 Rikner has also shown that the response of a n-type detector ͑diodes made in-house, without any Au or Pt doping͒ shows more dose-rate dependence than some p-type detectors. 3 It has also been shown that the dose-rate dependence of diode sensitivity of the p-type detector depends upon the resistivity or doping level of the diode ͑the higher the doping level, the lower the resistivity, and vice versa͒. 6 A highly doped ͑low resistivity͒ p-type detector shows no dose-rate dependence. Accumulated dose can reduce dose-rate dependence for p-type diodes. 2, 9 However, some preirradiated ͑Scanditronix͒ p-type diodes had increased dose-rate dependence after a high level of accumulated irradiation (ϳ25 kGy) with high photon energies (EϾ10 MV). 10 For n-type diodes, accumulated dose usually increases the dose-rate dependence. 11 However, it is found that the dose-rate dependence for some Pt-doped n-type diodes does not depend on the accumulated dose because of the short minority carrier lifetime. 9 In this paper, SDD ͓or SSD ͑source-to-surface distance͔͒ and dose-rate dependence of diode sensitivity for different commercially available diode detectors were measured under high instantaneous dose rate ͑pulsed͒ and low dose rate ͑con-tinuous͒ radiation. The dose-rate dependence measured by adjusting radiation pulse height directly was compared to that measured by changing SDD. A photon-energy independent empirical formula was proposed to fit the dose-rate dependence of diode sensitivity.
II. MATERIALS AND METHODS

A. Description of diodes
Eleven different n-and p-type detectors were used in this study: Four n-type and three p-type diodes were from Sun Nuclear Corporation ͑Sun Nuclear Corporation, 425 A Pineda Ct., Melbourne, FL 32940͒, three p-type diodes were from Scanditronix ͑Scanditronix AB, Husbyborg, S-752-29 Uppsala, Sweden͒, and one n-type diode from Nuclear Associates ͑Cardinal Health, 6045 Cochran Rd., Cleveland, OH 44139͒. We initially intended to cover all commercially available diodes for in vivo radiation dosimetry. However, the final choice of diodes was determined by availability at the time the study began.
The Isorad diodes ͓two Isorad Gold ͑#1 and #2͒, one Isorad Red (n type͒, one Isorad-3 Gold, and one Isorad-p Red͔ from Sun Nuclear have cylindrical designs with the die plane mounted normal to the detector axis. 4 The two Isorad Gold diodes were from different batches but were nominally the same. All other diodes ͑the QED, Veridose, and Scanditronix EDP͒ use a flat design, with radiation incident normal to the plane of the die ͑chip͒. The diodes were all new without any prior clinical irradiation. Isorad-p Red diode uses the same die as is used in p-type QED diodes, but the die plane is mounted normal to the detector's axis. Detailed schematics of some of the diodes used in this study can be found elsewhere. 4 Different thicknesses and materials of inherent buildup are used for different diode models in order to match the suitable photon energy range used. These physical package details are listed in Table I͑a͒. The device specification of the diode ͑chip͒ determines the response of the diode sensitivity. This includes the type of diodes (n or p type͒, Pt doping, substrate resistivity ͑in ⍀ cm͒, and the level of preirradiation. This information is summarized in Table I͑b͒ . Several new n-type diodes ͓Veri-dose Green, QED Red (n-type͒, and Isorad-3 Gold͔ are Pt doped. Pt doping can drastically reduce the minority carrier lifetime (Ͻ0.1 s) and thus reduce the dose-rate dependence of diode sensitivity. The resistivity of substrate is proportional to the majority carrier concentration. The Scanditronix EDP10 3G and EDP20 3G are new p-type diodes. They have the same resistivity as the EDP30 diode. Preirradiation of the diode changes the dose-rate dependence. The n-type Isorad Gold diodes and Pt-doped n-type diodes ͓Isorad-3 Gold and QED Red (n type͔͒ from Sun Nuclear were not preirradiated. The n-type Isorad Red ͑n-type͒ diode was preirradiated to 10 kGy by 3 MeV electrons. All other diodes were preirradiated by 10 MeV electrons except for the Scanditronix EDP10 3G and EDP20 3G diodes, whose type of preirradiation is kept confidential by the manufacturer. All the commercial p-type detectors used in this study are from the same manufacturer. They use the same die ͑chip͒ with different buildup thicknesses appropriate for their photon energies.
B. Experimental setup
The diode SDD dependence was measured for the diodes with the SDD ranging from at least 80 to 200 cm for the pulsed radiation and Co-60 radiation. All the measurements were taken by using the 10ϫ10 cm 2 collimator setting. The diode was placed at a 5-cm depth in a 4-cm-diam Lucite miniphantom. A thimble-type ionization chamber was used for the intercomparison, under the same geometric conditions. One hundred monitor units or 1-min time exposures were given for pulsed or Co-60 radiation, respectively. Each set of data was completed within about 3 h, with each diode or ionization chamber measurement completed within an hour, on the same day. Charges from all diodes were measured using an electrometer under zero bias. Leakage was subtracted for all the measurements before analyzing the data. The SDD correction factors ͑SDD CF͒ were calculated by taking the inverse of normalized ratios between the diode readings (M diode ) and the ion chamber readings (M ion ):
SDD CFϭ1 at SDDϭ100 cm and is a function of the SDD. Our SDD CF results should not be directly compared to other published results, which are usually measured with the diode placed at the surface of a full scatter phantom. To differentiate between the two different conditions, we termed the SDD CF measured at the surface as ''SSD CF.'' For measurements with the diode placed at the surface, the same formula ͓Eq. ͑1͔͒ was used to calculate SSD CF, except the ionization chamber was placed at the depth of maximum dose ͑1.6 cm for 6 MV and 3.2 cm for 18 MV͒ for the same SDD. To quantify the differences, a comparison of the measured SSD CF for diodes placed at surface and the SDD CF for our setup ͑in miniphantom͒ was made for selected diodes.
We chose the miniphantom with a depth of 5 cm to measure the SDD dependence because ͑1͒ this provides sufficient thickness to eliminate electron contamination, ͑2͒ the irradiated volume of the miniphantom will remain the same at the different SDDs thus reducing changes caused by the phantom scattered dose, and ͑3͒ the depth of the ionization chamber is the same as that of the diode detector. In the conventional method of determining the SSD CF, the diode ͑with intrinsic buildup͒ is placed at the surface of the phantom while the ionization chamber is placed at the depth of the maximum dose below the surface. This difference in the depth of detector placement introduces uncertainty in determining the actual dose received by the diode.
The ratio of diode reading to ion chamber reading was plotted against the instantaneous dose rate. This ratio was normalized to be 1 at an instantaneous dose rate of 4000 cGy/s for the pulsed radiation and 1.6 cGy/s for the continuous radiation. The instantaneous dose rate at a depth of 5 cm in the miniphantom for different SDDs was calculated from the normalized ionization chamber measurement, together with the known dose rate at SDDϭ100 cm using the expression
Here M ion (SDD) and M ion (100) are the total charge measured by an ionization chamber in the same miniphantom for the source-to-detector distance ͑SDD͒ of interest and SDD ϭ100 cm, respectively. For pulsed radiation, InstDR 100 is the instantaneous dose rate at SDDϭ100 cm for the 10 ϫ10 cm 2 collimator setting at a depth of 5 cm in a Lucite miniphantom. It can be calculated according to 4 InstDR 100 ϭ ͑ DR 100 /60͒
where DR 100 is expressed in mu/min and the factor 60 is used to convert DR 100 to MU/s. PW is the measured pulse width ͑in s͒ and PRF is the measured pulse repetition frequency ͑in Hz͒. Notice 1 MUϭ1 cGy at the calibration condition: SADϭ100 cm, 10ϫ10 cm 2 and at a depth of maximum dose ͑1.5 cm for 6 MV, 2 cm for 8 MV, 3.0 cm for 15 MV, and 3.2 cm for 18 MV͒. Thus, after conversion DR 100 ͑in cGy/sec͒ is the average dose rate under the calibration condition, while InstDR 100 ͑in cGy/s͒ is the instantaneous dose rate at a 5-cm depth in the miniphantom at SAD ϭ100 cm and 10ϫ10 cm 2 collimator setting. For continuous ͑Co-60͒ radiation, InstDR 100 is calculated according to:
Here S c (10) is the collimator scatter factor for a collimator setting of 10ϫ10 cm 2 , S p (4) is the phantom scatter factor for a cross section of 4ϫ4 cm 2 , and TMR͑4,5͒ is the tissue maximum ratio for a field size of 4ϫ4 cm 2 at a depth of 5 cm in a phantom. 4 DR 100 is the average dose rate measured at the calibration condition (10ϫ10 cm 2 ,dϭd max ,SAD ϭ100 cm), which is usually expressed using units of MU/ min. These parameters are listed in Table II. For pulsed radiation, a Siemens Primus ͓for Isorad Gold #1, Isorad Red (n type͒, Isorad-3 Gold, QED Red (n type͒,
3G , EDP20
3G
, and Veridose Green͔, and a Siemens KD2 ͑for QED p-type diodes͒ were used. For continuous radiation, a Theratronix 1000 was used for n-type Isorad and p-type Scanditronix EDP diodes. The instantaneous dose rate in the miniphantom was calculated from measured data ͑PW, DR 100 , and PRF͒ for each beam at 100 cm SDD according to Eq. ͑3͒ and is summarized in Table II . For the Siemens KD2 accelerator, it was approximately 6322 and 11 448 cGy/s for 6 and 15 MV, respectively. For Siemens' Primus accelerator, it was approximately 6169 and 13 977 cGy/s for 6 and 18 MV, respectively. For continuous ͑Co-60͒ radiation, it was 1.6 cGy/s. Table II lists the parameters for the radiation sources used in this study.
A Varian 2100CD linear accelerator was used to measure the dose-rate dependence of diode sensitivity directly by adjusting the radiation pulse height to change the instantaneous dose rate. Two diodes ͑the p-type Scanditronix EDP 30 and the n-type Isorad Gold #2͒ were used. For comparison, the SDD dependence of the diodes was measured on the same Varian accelerator at the same time. However, the SDD dependence was measured in a 25ϫ25 cm 2 field in a full scatter phantom at a depth of 3.5 cm. The average dose rate (DR 100 ) for the Varian 2100CD was 600 mu/min for both 8 and 18 MV at a SDD of 100 cm. The radiation pulse height was adjusted so that the instantaneous dose rate varied between 2710-16 550 cGy/s and 3966 -42 287 cGy/s for 8 and 18 MV, respectively, at the SDD of 67.5 cm. The ionization chamber reading was corrected by P ion to account for the ion recombination effect at a high dose rate. To merge the measured relative diode sensitivity for 8 and 18 MV together to cover a wider dose rate range, the relative sensitivity was normalized to be 1 for InstDRϭ10 000 cGy/s. When no data point is available at InstDRϭ10000 cGy/s, a linear interpolation of the measured data point is used.
C. Theory
The sensitivity S of the diode detector can be expressed as 4, 5, 9 SϭKͱ, ͑5͒
where is the diffusion coefficient (cm 2 /s) and is the excess minority-carrier lifetime͑s͒. Kϭ6.72ϫ10
Ϫ6 A ͑C/ cGy/cm͒ for a silicon diode without any buildup, 9 and A is the cross-section area of the diode ͑in cm 2 ). However, since the commercial diode has inherent buildup, K value changes and is energy dependent.
If the excess-carrier concentration generated by radiation is relatively small ͑compared to the majority-carrier concentration n 0 or p 0 ) and a single mechanism of recombination and generation (R-G) center dominates, then can be simplified from a complete expression of net recombination rate. 9 For a n-type ͑or p-type͒ substrate with majority-carrier concentration n 0 ͑or p 0 ), can be expressed as
where p is the minority-carrier ͑hole͒ lifetime in the n-type substrate while n is the minority-carrier ͑electron͒ lifetime in the p-type substrate. ϭ n / p is the ratio between the minority-carrier lifetimes. ⌬p or ⌬n is the mean concentration of the excess minority carriers generated in a single radiation pulse ͑or within the lifetime of the minority carrier for a continuous radiation͒ and is proportional to the instantaneous radiation rate. This value can be estimated from the total excess minority carriers generated by the radiation
Here ␤ is the dose-to-kerma ratio. It is 1.005 for Co-60 and 1.0 for megavoltage photon beams. Using density ( ϭ2.5 g/cm 3 ) and the energy required to produce an electronhole pair (Wϭ3.6 eV) for silicon, 12 we calculated gϭ4.35 ϫ10 13 1/cGy ͑Si͒ assuming ␤ϭ1. To calculate the mean excess minority-carrier concentration ⌬n ͑or ⌬ p) suitable for Eq. ͑6͒, one has to solve a continuity equation to account for the rate of recombination in a p-n junction. 9 The approximate solution 9 can be expressed as Eq. ͑7͒ with ͐InstDR dt ϭInstDR•PW when the pulse width PW is shorter than the lifetime of the excess carrier , otherwise ͐InstDR dt ϭInstDR .
9
Given the definition of diode sensitivity, the readings of the diode and the ionization chamber, under the same geometrical condition, can be expressed as M diode ϭSD and M ion ϭS ion D, respectively, where S is the diode sensitivity and S ion ϭ1/N ion is a constant for a given photon energy. As a result, the ratio of the diode and the ionization chamber readings for the same SDD and photon energy, normalized to the ratio for SDDϭ100 cm becomes
. ͑8͒
Here we have assumed that S ion is dose-rate independent. Thus the SDD CF is given by S 100 /S according to Eq. ͑1͒. 
This expression is energy independent and allows one to extrapolate data measured for different SDDs and energy to be a function of instantaneous dose rate only. We introduced Eq. ͑11͒, because normalizing S to S(0), the minimum value of S, provides the overall range of change of S for a particular diode detector. The parameters ␤ 1 and ␤ 2 can be extrapolated by fitting Eq. ͑10͒ ͓or Eq. ͑11͔͒ to measured S/S(InstDR ref ) ͓or S/S(0)] using a differential evolution algorithm.
13
The empirical formula ͓Eq. ͑11͔͒ that describes the doserate dependence of the diode can also be used to determine the SDD dependence, or SDD CF. According to the definition for SDD CF ͓Eq. ͑1͔͒ and S/S 100 ͓Eq. ͑8͔͒, SDD CF is equal to the inverse of S/S 100 . Thus SDD CF can be calculated as a ratio of Eq. ͑11͒ evaluated at SDDϭ100 cm and the desired SDD. We will show later that the SDD CF mea-sured in a miniphantom is very similar to the SSD CF measured on the surface of a full scatter phantom for the same diode detector.
III. RESULTS
SDD CF was measured for commercial n-type diodes using pulsed radiation from an accelerator with low ͓Fig. 1͑a͔͒ and high ͓Fig. 1͑b͔͒ photon energies, respectively, in a miniphantom. The SDD CF of n-type diodes increased with decreased dose rate ͑by increasing SDD͒. Both unirradiated and preirradiated n-type Isorad diodes showed SDD dependence under pulsed radiation. For example, at SDD ϭ150 cm, the SDD CF, normalized to 100 cm, was 1.008 and 1.004 for n-type unirradiated Isorad Gold #1, 1.030 and 1.028 for n-type preirradiated Isorad Red (n type͒, 1.014 and 1.014 for unirradiated QED Red (n type͒, 1.005 and 1.005 for Isorad-3 Gold, and 1.010 and 1.011 for n-type preirradiated Veridose Green diode under pulsed radiation for low ͑6 MV͒ and high ͑18 MV͒ energies, respectively ͑Fig. 1͒.
Similar measurements of SDD CF were made for p-type diodes using pulsed radiation ͑Fig. 2͒. The SDD CF at SDDϭ150 cm, normalized to 100 cm, was 1.006 and 1.008, 0.999 and 0.999 for p-type preirradiated Scanditronix for EDP10 3G and EDP20 3G under pulsed radiation for low ͑6 MV͒ and high ͑18 MV͒ photon energies, respectively. The SDD CF at SDDϭ150 cm, normalized to 100 cm, was 1.011 and 1.015Ϯ0.002 for p-type preirradiated QED diodes, and 1.025 and 1.034 for preirradiated Isorad-p Red under pulsed radiation for low ͑6 MV͒ and high ͑15 or 18 MV͒ photon energies, respectively. SDD CF was also measured under continuous radiation for selected n-and p-type diodes ͑Fig. 3͒. The SDD CF at SDDϭ150 cm, normalized to 100 cm, was 1.003Ϯ0.002 for all the diodes measured under continuous radiation. The SDD CF varied between 1.001 and 1.005 for SDD between 80 and 208 cm for all diodes under continuous radiation.
The diode sensitivity ratio as a function of the instantaneous dose rate was obtained for n-type diodes from the measured SDD CF vs SDD. The solid lines in Fig. 4 are curve fits using Eq. ͑10͒ and the fitting parameters are listed in Table III for pulsed radiation, increased with the dose rate for all n-type diodes. The sensitivity ratio for the dose-rate dependence ranged from 0.972-1.068 ͑1490-38 900 cGy/s͒ for n-type preirradiated Isorad Red (n type͒ and 0.995-1.020 ͑1450-21 870 cGy/s͒ for n-type preirradiated Veridose Green diode. The sensitivity ratio varied between 0.988 to 1.023 for Isorad Gold #1 when the dose rate was varied between 1490 and 38 900 cGy/s. The sensitivity ratio varied between 0.985 ͑1490 cGy/s͒-1.012 ͑38 990 cGy/s͒ for unirradiated Isorad-3 Gold, and 0.981 ͑1460 cGy/s͒-1.026 ͑39 059 cGy/s͒ for unirradiated QED Red (n type͒.
Similar results for p-type diodes are shown in Fig. 4͑b͒ . The sensitivity ratio, normalized to 4000 cGy/s, was 0.998 -1.015 ͑for dose rate 1490-38 880 cGy/s͒ for p-type preirradiated EDP10 3G and 0.998 -1.003 ͑1470-21 870 cGy/s͒ for p-type preirradiated EDP20 3G diodes. The sensitivity ratio varied between 0.996 -1.025 for the p-type preirradiated QED diodes when the instantaneous dose rate was varied between 1540 and 17 870 cGy/s ͑Fig. 4͒. This ratio varied between 0.978 and 1.066 for preirradiated Isorad-p Red diode for the instantaneous dose rate between 1450 to 21 870 cGy/s.
A comparison was made of the dose-rate dependence of diode sensitivity obtained from direct adjustment of the radiation pulse height ͓Fig. 5͑a͔͒ and the SDD change ͓Fig. 5͑b͔͒. The same parameters are used to plot the solid lines in Figs. 5͑a͒ and 5͑b͒ using Eq. ͑11͒, except that we have to renormalize the diode sensitivity S to InstDR ϭ10 000 cGy/s because of the lack of overlap between the dose rate for 8 and 18 MV photon beams. The data measured with direct radiation pulse height adjustment ͓Fig. 5͑a͔͒ were renormalized to be 1 for InstDRϭ0 after fitting Eq. ͑11͒.
IV. DISCUSSION
A. Unirradiated n type and preirradiated n type
The SDD CF was between 1.001-1.005 for dose rates between 0.375 and 2.5 cGy/s for unirradiated and preirradiated n type under continuous radiation ͑Fig. 3͒. This result agrees with the empirical expression for diode dose-rate dependence ͓Eqs. ͑10͒ and ͑11͔͒ as well as the theoretical prediction. 9 The unirradiated Isorad Gold #1 diode showed small dose-rate dependence ͑Fig. 4͒. However, a large variation of dose-rate dependence was observed among individual Isorad Gold diodes ͑Cf. Isorad Gold #1 and #2 in Figs. 4 and 5͒. Preirradiation substantially increases the dose-rate dependence of the Isorad Gold diodes, as has been shown by others. 11, 14 Most published data showed larger dose-rate dependence for Isorad Gold diode than Isorad Gold #1, 11, 14 with a similar magnitude as that of the Isorad Gold #2. This increased dose-rate dependence is probably due to the accumulated dose given in clinic. Table III . This figure was generated by combining the dose-rate dependence from 6 MV and 15 or 18 MV pulsed beams.
Clearly the Veridose Green, Isorad-3 Gold, and QED Red (n-type͒ diodes have substantially smaller dose-rate dependence than other n-type diodes have. These diodes are doped by platinum. Heavily platinum-doped diodes have very small dose-rate dependence due to a very small minority-carrier lifetime (Ͻ0.3 s). Based on Eq. ͑11͒, the parameters for the instantaneous dose-rate dependence of the n-type diode ͑Fig. 5͒ was determined to be ␤ 1 ϭ2.1ϫ10 Ϫ5 s/cGy and ␤ 2 ϭ3.9ϫ10 Ϫ5 s/ cGy for Isorad Gold #2 (n type͒ using a nonlinear global optimization algorithm ͑the differential evolution algorithm͒. 13 The solid lines in Fig. 5͑a͒ are the fit using Eq. ͑11͒. The dose-rate dependence of the Isorad Gold (n-type͒ diode obtained from direct radiation pulse height adjustment agreed with that obtained from SDD change.
Similar fits were performed for the dose-rate dependence of diodes in Fig. 4 using Eq. ͑10͒, with fitting parameters listed in Table III . ␤ 1 characterizes the rate of the S increase vs dose rate of a diode detector, while ␤ 2 characterizes the curvature of the dose-rate dependence ͑or the rate S reaches its saturation value͒. The saturation value of S is determined by ␤ 1 /␤ 2 . To compare the magnitude of dose-rate dependence between different diodes, ␤ 1 /␤ 2 should be used, i.e., a larger ␤ 1 /␤ 2 means a larger dose-rate dependence. However, it is possible that the ␤ 1 /␤ 2 value cannot be extrapolated correctly for some diodes because no saturation occurs in the dose rate range studied ͑i.e., ␤ 2 InstDRӶ1). In this case ͑e.g., for some p-type diodes͒, ␤ 1 may be a better indicator, i.e., a larger ␤ 1 means a larger dose-rate dependence in the linear region where no saturation occurs. The ''saturation'' only applies to the empirical formula.
B. Unirradiated and preirradiated p type
Unirradiated p-type diodes were not studied in this study. Rikner and Grusell have compared dose-rate dependence of unirradiated and preirradiated p-type diodes. 2 They showed variation in the relative sensitivity of the p-type unirradiated diode to be about 5% when the dose per pulse was varied between 0.04 and 0.43 mGy. 2 The variation of relative sen- These values are not reliable since the dose rate dependence was virtually linear (␤ 2 ϭ0) in the dose-rate range studied.
FIG. 5. Dose-rate dependence of an n-and p-type diode detector measured by ͑a͒ adjusting the radiation pulse height directly at a fixed SDD and field size (SDDϭ67.5 cm,25ϫ25 cm 2 ,dϭ3.5 cm) and ͑b͒ SDD measurement under otherwise the same conditions. From top to bottom, the curves are for Isorad Gold #2 (n type͒ and EDP30, p type. The symbols are for different photon energies: ͑᭺͒ 8 MV, ͑ϫ͒ 18 MV. Solid lines are fits using Eq. ͑11͒ ͓5͑a͔͒ and Eq. ͑10͒ ͓5͑b͔͒ with the same parameters in Table III ͑see text for  details͒. sitivity was less than 1% for the p-type preirradiated diode under the same conditions. Thus, sufficient preirradiation reduced the dose-rate dependence for the p-type diode. Another publication 10 shows that the dose-rate dependence of the p-type diode could increase substantially with accumulated dose, although this is usually for photon energies higher than 10 MV and this points to mechanisms other than the photon and electron radiation. Another publication 7 showed increased dose-rate dependence caused by a high level of accumulated dose (ϳ25 kGy) with high energy electrons, although those results applied to an earlier version of Scanditronix diodes with higher resistivity ͑10 ⍀ cm͒ than the resistivity ͑0.2 ⍀ cm͒ of Scandtironix diodes studied here.
The dose-rate dependence of the p-type preirradiated QED diodes and the Isorad-p Red diode was larger than that of the p-type preirradiated Scanditronix diodes. The p-type preirradiated Isorad-p Red diode showed similar dose-rate dependence as some of the n-type diodes ͓e.g., Isorad Red (n type͔͒. The dose-rate dependence of the preirradiated p-type QED diodes was larger than some of the n-type diodes ͓e.g., QED Red (n type͒, Isorad-3 Gold, and Veridose Green͔.
The instantaneous dose-rate dependence for p-type EDP30 ͑Fig. 5͒ was fitted to Eq. ͑10͒ to obtain ␤ 1 ϭ6.0 ϫ10 Ϫ7 and ␤ 2 ϭ1.0ϫ10 Ϫ6 . Clearly, the dose-rate dependence for the p-type diode ͑EDP-30͒ is much less than the n-type diode ͑Isorad Gold #2͒ since ␤ 1 for the p-type diode is much smaller than that for the n-type diode. Since the same fitting agrees with measurements obtained from the SDD measurements made on the same accelerator, we have proven that the SDD dependence of the diode detectors is caused mostly by the dose-rate dependence. Its behavior can be described by the empirical formula ͓Eq. ͑11͔͒.
We have fitted the dose-rate dependence of the diode's relative sensitivity (S/S(4000)) by Eq. ͑10͒ for all commercial diodes studied. The parameters of the fit are listed in Table III . The dose-rate dependence presented cannot be generally applied to diodes placed at the surface of a phantom, where other effects such as electron contamination and difference between diode and ionization chamber depth of measurement may change the dose rate response.
C. Comparison with literature
All published SSD CF was measured with diodes placed at the surface rather than placed at a depth in a miniphantom ͑our study͒. To facilitate the comparison, we compared SDD CF and SSD CF measured with the two methods ͑Fig. 6͒. In general, the overall variation of SDD CF measured with our method is smaller than the SSD CF measured with the conventional method ͑at surface͒. However, they agree with each other to within 1% for 6 MV and up to 3% for 18 MV depending on the inherent diode buildup thickness.
There are two possible reasons for the observed difference between the two methods: ͑1͒ Using the conventional method, the depth of the ionization chamber placement was different from the depth of the diode placement in a full scatter phantom. If the depth of maximum dose was different from the depth of the inherent buildup of the diode detector ͓Table I͑a͔͒, then the actual dose delivered to the diode could be different from the dose measured by the ionization chamber. This difference in scatter conditions may introduce up to 1% error. This is the cause of the difference between SDD CF and SSD CF observed for 6 MV photons and some of the 18 MV photons, provided the inherent diode buildup is thick enough to eliminate electron contamination. ͑2͒ Electron contamination and electron disequilibrium increases the variation of SSD CF for surface in vivo dosimetry if the inherent diode buildup is thinner than the depth of the maximum dose. 15, 16 The diode reading measured for the surface placement is lower than the diode reading at dmax because the actual dose received by the diode is less than that assigned to it ͑measured by the ionization chamber at dmax͒. Due to the additional contribution of electron contamination, the variation of SSD CF for the surface placement is larger than SDD CF measured in the miniphantom. This was confirmed in our comparison. For diodes with inherent buildup thickness not suitable for the 18 MV photon energy (EDP10 3G and Isorad-3 Gold͒, the variation of SSD CF measured on the surface was substantially larger (Ͼ2%) than that measured in miniphantom ͓Fig. 6͑b͔͒.
Rikner and Grusell have reported the sensitivity ratio to be between 1.02 and 1.0 for the EDP30 diode for 6 MV when the SDD was varied between 80 and 135 cm. 17 For 16 MV beams, the sensitivity ratio for the EDP30 diode varied from 1.02 to 0.98. 15 Gerog et al. has reported that the sensitivity ratio for the EDP20 3G diode varied between 1.03 and 0.985 when the distance was varied between 80 and 120 cm under 18 MV beam. 15 Our measurements for EDP30, EDP10 3G , and EDP20 3G showed smaller dose-rate dependence, with a maximum variation of 0.995 and 1.006 for all photon energies studied. This is most likely because we have used sufficient buildup ͑5 cm water equivalent͒ to eliminate the additional SDD dependence caused by electron contamination.
Nuclear Associates have reported that the SSD CF of the Veridose Green diode varies between 1.000 and 1.015 when the SDD is changed between 100 and 150 cm ͑Nuclear Associates operation and instruction manual, 1997͒. In comparison, our measurements showed a variation between 1.000 and 1.011 over the same SDD change. The unirradiated n-type Isorad Gold SSD CF varied between 0.960 and 1.020 for 6 MV and preirradiated Isorad Red (n type͒ SSD CF varied between 0.940 and 1.02 for 18 MV when the SDD was changed between 70 and 130 cm.
14 This is in agreement with our measurement for Isorad Gold #2 and Isorad Red (n type͒. However, most unirradiated Isorad Gold diodes had much smaller dose-rate dependence, similar to our measurement for Isorad Gold #1. The SDD CF for unirradiated n-type Isorad Gold #1 diode varied between 0.991-1.004 for 6 MV and 0.994 -1.002 for 18 MV for SDD change of 70 to 130 cm. This smaller dose-rate dependence is also observed elsewhere. 11 This variation can be caused by variation among individual Isorad (n-type͒ diodes ͑Gold #1 and Gold #2͒. In addition, the dose rate and the accumulated dose to the diodes used in the publications were unknown, which could affect the dose-rate dependence. The dose-rate dependence of the Isorad (n-type͒ diodes increases with accumulated doses given in the clinic. The Isorad-p Red diode SSD CF varied between 0.998 and 1.003 for 6 MV and 0.970 and 1.029 for the SDD range of 80-130 cm. 17 In comparison, our measurement showed the preirradiated p type SDD CF Isorad-p Red varied between 0.989 and 1.017 for 6 MV and 0.981 and 1.022 for 18 MV, respectively, for the SDD range of 80-130 cm.
All published studies were performed by placing the diodes on the surface of a solid phantom ͑corresponding to the depth of maximum dose͒, while our study was performed at a depth of 5 cm, well beyond the range of electron contamination. In general, the Isorad Red ͑or some Gold͒ n-type diodes have the largest dose-rate dependence while the Scanditronix p-type diodes showed the smallest dose-rate dependence. Generally, our SDD CF were somewhat smaller for Scanditronix EDP diodes, Sun Nuclear preirradiated p-type QED and Isorad-p diodes, than the SSD CF measured at surface for high energy beams, which could include the additional effect of electron contamination. In addition, the difference could also be caused by dose-rate dependence variations among individual diodes of the same type from the same manufacturer, especially from different batches.
D. Comparison between n-and p-type diodes
The value of ϭ n / p depends on the characteristics of the dominant R-G centers in the diode and is appreciably larger than one in silicon 4, 9 for the dominant R-G centers generated by electron radiation or platinum doping. This is the reason to favor p-type over n-type diodes, as can be clearly demonstrated from Eq. ͑6͒ assuming n 0 ϭp 0 and other device parameters are the same.
1,9 n 0 and p 0 are inversely proportional to the resistivity of the diode substrate.
In most instances, we have seen larger dose-rate dependence for n-type diodes than the p-type diodes for pulsed radiation. However, this is not generally true, as the preirradiated p-type diodes do not necessarily show less dose-rate dependence than the unirradiated and preirradiated n-type diodes. In this study, we showed that preirradiated Isorad-p Red diode showed similar or larger dose-rate dependence than the unirradiated n-type and preirradiated n-type diodes. The n-type preirradiated Veridose Green, unirradiated Isorad-3 Gold, and unirradiated QED Red (n-type͒ diodes did show less dose-rate dependence than the unirradiated and preirradiated n-type Isorad, preirradiated p-type QED, and Isorad-p Red diodes. The p-type preirradiated Scanditronix EDP diodes showed the smallest dose-rate dependence.
It is noticed that the measured SDD dependence of most diodes for low and high energies from a dual-energy accelerator is almost the same despite the fact that in our measurements the instantaneous dose rate for the high energy beam is about twice as high as the low energy beam. This can be explained by the following reason: the relative change in instantaneous dose rate is the same regardless of energy, since it comes solely from the inverse square law, although the absolute range is smaller for the lower energy than for the higher energy ͑scaled by the instantaneous dose rate at 100 cm͒. As a result, the relative change of the diode sensitivity due to the dose rate should be the same for both energies, if the dose-rate dependence is linear or whenever the dose-rate dependence of S is sufficiently small. The dose-rate dependence of the diode sensitivity is no longer a linear function of dose rate for diodes with large dose-rate dependence ͑Figs. 4 and 5͒. As predicted by the empirical model ͓Eq. ͑11͔͒, the slope of the dose-rate dependence of S (dS/d InstDR) decreases with increasing dose rate. Under this condition, the overall variation of SDD CF for low energy will be larger than the overall variation of SDD CF for high energy for the same range of SDD from a dual energy accelerator.
V. CONCLUSION
The instantaneous dose-rate dependence was measured for commercially available diode detectors used in in-vivo dosimetry. The ratio of diode sensitivity, normalized to SDDϭ100 cm, increased with increasing dose rate ͑or decreasing distance͒. The Isorad Red (n type͒ and some Isorad Gold (n type͒ generally showed the largest SDD and doserate dependence. However, one of the unirradiated n-type Isorad Gold diodes showed a small dose-rate dependence. The Scanditronix EDP p-type diodes showed the smallest SDD and dose-rate dependence. n-type diodes with platinum doping ͓e.g., Isorad-3 Gold, QED Red (n type͒, and Veridose Green͔ show less SDD and dose-rate dependence than the n-type Isorad and some p-type diodes ͓Isorad-p Red and QED (p type͔͒. Thus, p-type diodes are not necessarily better than all the n-type diodes. The dose-rate dependence could be quite different for the same type of diode package due to different die used inside, such as for Isorad, Isorad-p, Isorad-3, QED Red (n type͒, and QED p-type diodes. Under Co-60 beam radiation, all diodes showed almost no SDD or dose-rate dependence. We have proposed an empirical formula to fit the dose-rate dependence for all commercially available diodes.
